1997). These interactions interfere with the ability of
To provide stronger evidence for the presence of heme, purified E75 LBD was subjected to nondenatur-HR3 to activate target genes.
Here, we present evidence that the molecule bound ing electro-spray mass spectrometry (ES-MS) (Loo, 2000) . The multiply charged protein ions observed in within the ligand binding pocket of E75 is protoporphyrin IX coordinated to iron, commonly known as heme.
the mass spectrum ( Figure 2A ) correspond to a mass of 30817.4 Daltons (Da), which is 616.3 Da heavier than The iron center of E75-heme can be reversibly oxidized and reduced, which affects the ability of E75 to bind the the predicted mass of the E75 LBD protein (30201.1 Da). A significant peak at 616.2 m/z is also observed, diatomic gas messengers nitric oxide (NO) and carbon monoxide (CO). NO, CO, and redox state also affect the consistent with partial removal of the ligand by the ion beam. These masses correspond well with the theoretiinteraction between E75 and its heterodimer partner DHR3. These findings suggest a number of possible cal mass of heme (616.48 Da). Subsequent collision-induced dissociation (CID) was developmental and physiological functions known to be regulated by heme, NO, and CO. Although heme and used to remove the ligand of the protein-ligand complex peak at 2802.39 m/z seen in Figure 2A . 
, 2002). Upon expresDoes Heme Function as an E75 Ligand? sion of the E75 ligand binding domain (E75 LBD) in
Most nuclear receptors can be found in both the apo E. coli and subsequent purification, the purified protein and ligand bound forms. However, under our exprespossesses a deep red color ( Figure 1A ), suggesting that sion and purification conditions, no apo-E75 was deit copurifies with a small molecule chromophore.
tected. To test whether the heme moiety in E75 can A commonly bound molecule in proteins that display be dissociated, His-tagged E75 was bound to nickel a red color is heme. Heme-containing proteins display beads and then treated with increasing concentrations characteristic electronic absorption spectra that inof the denaturant guanidine hydrochloride (GdnHCl). Elclude a major peak, typically at 400-450 nm (the γ or uates were collected and monitored for heme or E75-"Soret" peak), and two minor peaks (β and α peaks) in heme by electronic absorption ( Figure 3A ). The eluates, the range of 500-650 nm. The spectrum of aerobically treated with up to 5M GdnHCl, contained no significant isolated E75 also produces the characteristic peaks of amount of heme, protein bound or free. Extensive dialyheme-containing proteins ( Figure 1B) : specifically, an α sis of the protein-heme complex against 100 mM EDTA peak at 575 nm, a β peak at 544 nm, and a γ peak at also failed to dissociate or chelate the heme bound iron 425 nm. The positions of the peaks suggest that the (data not shown). Dissociation of the heme-E75 comheme iron is oxidized (Fe(III) form), as might be explex also failed to occur when the protein was incupected given that E75 was purified under aerobic conbated in the presence of cellular or embryonic extracts ditions. Consistent with this assumption, the addition (data not shown). These results, taken together with the of oxidizing agents has no affect on the spectrum of stability of the E75-heme complex during mass specthe aerobically purified protein (data not shown). In trometry, are consistent with the heme moiety being contrast, addition of the reducing agent dithionite shifts tightly bound and well protected within the ligand bindthe α, β, and γ absorbance peaks to 559, 531, and 426 ing pocket of the LBD. Furthermore, our inability to denm, respectively, consistent with conversion of the tect apo-E75 in any of the tested cell types suggests heme iron to the ferrous form (Fe(II)). that heme may be essential for protein folding and acTo see if the heme group of E75 can be reversibly cumulation. oxidized and reduced, the reduced form was treated with the oxidizing agent ferricyanide. Ferricyanide absorbs very strongly below 500 nm, masking any effects Is E75 a Heme Sensor? If E75 protein is dependent on heme for stability and on the E75 γ absorption peak. However, reversion of the α and β peaks to that seen in the Fe(III) form is clear accumulation, then varying the levels of cellular heme should alter the expression levels of E75 protein. This (data not shown).
We also expressed the E75 LBD and full-length prowas tested by supplementing SF9 insect cell media with heme. Figure 3B shows that supplemental heme tein in SF9 cells, S2 cells, and developing flies. In all cases, the affinity-purified proteins are red and show increased the amount of E75 LBD expressed by about 8-fold (1.57 mg −heme versus 11.6 mg +heme). Similar the same absorption spectra as shown in Figure 1B . Figure 1C shows the absorption spectrum of a multiply effects were seen with full-length E75A (data not shown). The addition of heme to SF9 cells infected with tagged E75 LBD protein affinity purified from pupae. viruses expressing other nuclear receptor LBDs had no to form coordinate bonds. The mutant proteins were expressed in bacteria, purified, and examined for color effect on their expression levels (data not shown). We conclude that heme is specifically required for E75 LBD and absorption. Figure 4B shows spectra of each mutant following identical purifications with a single affinstability, and that levels of E75 expression are proportional to the levels of available heme. Thus, E75 could ity column. Mutation H585F has no affect on E75 expression or heme binding and, although H416F and function as a heme sensor, accumulating and regulating gene expression in accordance with the levels of H585A result in a substantial reduction of soluble protein recovered, both exhibit characteristic heme abavailable heme. sorption peaks. Conversely, His364F/A and His574F/A result in no obvious protein band or heme absorption How Is Heme Bound? The majority of known heme-protein interactions are peak. Since the H416 and H585 mutants still retain the ability to bind heme, they are poor candidates for resimediated by coordinate bonds between the heme center and histidine side chains. E75 has four well-condues that bind directly to the heme iron. H364 and H574, however, are good candidates, although the efserved His residues in the LBD ( Figure 4A ). To test if these might be important for heme binding, each resifects observed could also be due to disrupted protein folding. Interestingly, these two critical residues are the due was mutated to Ala and Phe, residues that are structurally similar to His but do not have the ability most highly conserved in E75 orthologs and homologs, ature. This peptide, which corresponds to the AF2 reTypically, proteins in this screen show increased stagion of the E75 heterodimer partner DHR3 (NVVFPALY bility in the presence of ligand, which results in an in-KELFSIDSQQD), increases E75 thermostability by 2.9°C crease in their denaturation transition temperature.
( Figure 5C ). This result suggests that the E75-DHR3 Nonspecific interactions either have no effect or destainteraction may be mediated, in part, by contacts bebilize the target protein, the latter resulting in a decrease in the transition temperature. Figure 5A shows tween the DHR3 AF2 motif and the E75 LBD. Interest- activation, returning the levels of DHR3 activity close to the levels obtained in the absence of E75 isoforms. To determine the effects of heme and NO on these activities, we established a luciferase reporter assay This effect was E75 specific, as no effects were seen on DHR3 on its own ( Figure 7B ) or on other nuclear using Drosophila Kc cells and tested the effects of supplemental heme and NO donor molecules on E75 activreceptors (data not shown). To summarize, NO appears to function as an antagonist of E75 repressor activity. ity. The reporter gene constructed contains consensus binding sites for E75A and DHR3 (EAR: sites; White et Further testing will be required to determine if and how CO affects E75 transcriptional activity. al., 1997). Figure 7 shows that, consistent with previous results (White et al., 1997), DHR3 on its own acts as a tranDiscussion scriptional activator (w10-fold over basal) and, when cotransfected with either E75A or E75B, is reduced in We have shown, using electronic absorption and mass spectrometry, that the Drosophila nuclear receptor E75 activity by 3-to 4-fold (using equal amounts of transfected DHR3 and E75 vector DNA). Adding supplemencontains a single tightly associated heme prosthetic group. Thus, nuclear receptor LBDs can now be added tal heme further reduces the levels of reporter gene expression to near background levels (data not shown).
to the limited repertoire of known heme binding motifs. All results here are consistent with a conventional Based on our earlier results with E75 expression in bacteria and cultured cells, we assume the latter is most heme-protein interaction mediated by a pair of coordinate bonds. Two highly conserved histidine residues likely due to an increase in E75 stability and accumulation.
are good candidates for the interacting residues. Our results suggest three general ways in which E75-known to bind a fairly diverse set of lipophilic molecules including fatty acids, phospholipids, retinoids, heme may function. First, the necessity of heme for E75 bile acids, farnesoids, and a range of xenobiotics. Like LBD stability and the changes in expression levels most other nuclear receptor ligands, heme is also a librought about by supplemental heme suggest that E75 pophilic molecule with polarized negative charges. Its may function as a nuclear monitor of cellular heme molecular weight and solvent-excluded volume, allevels. Second, the ability of E75-heme to switch bethough larger than most, are within the range of other tween oxidized and reduced states and the effects of known ligands. For example, one of the closest vertethese states on CO, NO, and cofactor peptide binding brate homologs to E75, Peroxisome proliferator activasuggest a possible role as a cellular redox sensor.
tor receptor γ (PPARγ), has a pocket that can easily acThird, the ability of E75-heme to bind NO and CO, and commodate a molecule of this size (Nolte et al., 1998; for these gases to modulate cofactor binding and tranXu et al., 1999). Although heme is not dissimilar to other scriptional activity, suggests a role in mediating NO ligands in most physical attributes, an iron atom within and/or CO intercellular signaling. This is the first exama protoporphyrin ring brings an exciting new dimension ple of a nuclear receptor with a bipartite ligand bindto the potential molecular and physiological roles of ing system. nuclear receptor proteins.
Heme as a Nuclear Receptor Ligand E75 as a Heme Sensor Nuclear receptors were first characterized based on
The tight interaction generally formed between heme molecules and their protein partners, also observed their ability to bind steroid hormones but are now with E75, and our inability to detect apo-E75 suggest tors, it is possible that endogenous E75 is expressed in certain tissues or stages in which such cofactors exist. that E75 and heme are unlikely to associate and dissociate readily. For this to occur, dedicated cofactors If, on the other hand, these cofactors are not present, or do not exist, heme would be required as a dedicated would be required to shuttle the heme in and out of the LBD and to stabilize the LBD in the absence of heme. structural component. In the latter case, the levels of free heme in the cell would determine the levels of E75 Although we have not found evidence for such cofac- Figure 7C ). these oscillating events indirectly by monitoring feedAs discussed earlier, an intimate functional triangle ing activity (lipid intake) or through a more direct role in exists between nuclear receptor function, cytochrome circadian rhythm. P450 expression, and cytochrome P450 substrates.
An interesting implication of this study is that the orThis relationship, taken together with the apparent phan receptor, Rev-Erbα, may also bind heme and reneed for E75 in ecdysone production and response, spond to diatomic gases. If it does not, compensating suggests the possibility that E75 could control ecdystevolutionary steps may have been adopted to maintain eroid metabolism by regulating the transcription of key the circuitry of E75-heme-regulated processes. It is cyp genes, or more globally by sensing the levels of also possible that other nuclear receptors may have available heme. The possible ability of E75 to regulate adopted or conserved the capacity to bind heme and hormone synthesis, and its known role in controlling the diatomic gases and to regulate corresponding developprogression of molts, metamorphosis, and oogenesis, mental and physiological functions. also brings up other intriguing possible functions. One example might be the ability to monitor energy re- 
